Abstract. The "Event Generator Mode" has been introduced into the PHITS code in the treatment of low energy transport phenomena. In this mode, the evaluated nuclear data for neutrons and a special evaporation model are combined so as to trace all correlations of ejectiles keeping the energy and the momentum conservation in a collision. We have calculated the double differential cross section, the kerma coefficient and the displacement cross section by the event generator mode of PHITS, and compared them with the evaluated nuclear data for the validation of the mode in neutron-induced reactions under 30 MeV. As results, all calculated results by the event generator mode reproduce the evaluated nuclear data well below 20 MeV. As an application of this mode, we indicate a new approach to the deposit energy distribution for the thermal neutron transport and the averaged quality factor for neutrons.
Introduction
The concept of the event generator is rather popular with the Monte Carlo simulation code for high energy particles. In the event generator mode, the conservation law on the energy and the momentum is sustained in each event. Recently, the correlated quantities such as event-by-event distribution of deposit energy even in low energy fields are often required for microdosimetric estimations of irradiation effects in biology and semiconductors. For these requirements, the "Event Generator Mode" has been introduced into the PHITS code [1] in the transport of low energy neutrons. In this mode, the evaluated nuclear data for neutrons and a special evaporation model are combined so as to trace all correlations of ejectiles keeping the energy and the momentum conservation in a collision. This mode enables us to calculate the correlated quantities mentioned above, and also to estimate the kerma coefficient and the displacement cross section data without additional evaluated cross section libraries.
In this work, we have calculated particle production cross sections, the kerma coefficient and the displacement cross section by the event generator mode of PHITS, and compared them with the evaluated nuclear data for the validation of the mode in neutron-induced reactions under 30 MeV. As an application of this mode, we will suggest a new approach to the deposit energy distribution for the thermal neutron transport and the averaged quality factor for radiation protection against low energy neutron exposure.
Method of calculations
A brief flowchart of the Event Generator Mode is shown in figure 1 . A detail is presented in the other paper of these proceedings [2] . The evaluated neutron data of the total cross section, the channel cross section, i.e., capture, elastic and (n,n ), (n,Nn) cross section are used for branching the a Presenting author, e-mail: iwamoto.yosuke@jaea.go.jp reactions, and the inclusive double differential cross section of outgoing neutrons are used for the spectrum of the first emitted neutron.
For a capture reaction, the excitation energy and momentum of captured nucleus is determined uniquely from the incident energy of neutron and target nucleus. A special statistical decay model [3] without the decay width of neutron is applied to this excited nucleus. Then all information of ejectiles, in this case, charged particles, photon and residual nucleus can be determined.
For an elastic reaction, the scattering angle of outgoing neutron is determined according to the nuclear data. By the kinematics of this elastic channel, the energy of neutron and the momentum of the residual nucleus can be determined uniquely.
For (n,n ) reactions, the momentun of outgoing neutron is determined according to the double differential cross section of the nuclear data. By the kinematics of this emission, the excitation energy and momentum of the residual nucleus is determined uniquely. Next, the statistical decay process without neutron decay width is also applied.
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Finally, for (n,Nn ) reaction, a similar way as in the (n,n ) case is applied, but after one neutron emission, the statistical decay process by only neutron channels is adopted until N nucleons are emitted. After this, the statistical decay process without neutron decay width is applied.
By these processes, we can treat a low energy neutron collision as an "event", which means the energy and momentum are conserved in an event. Therefore, by this mode, we can extract any information, e.g., the kinetic energy distribution of the residual nuclei, two-particle correlation, etc. in the transport calculation of PHITS.
Validation of the event generator mode
In this section, we indicate the validation of the event generator mode by showing the comparisons of the double differential cross section, the kerma coefficient and the displacement cross section.
Double differential cross section
For the evaluation of the kerma coefficient, an important thing is the kinetic energy distribution of the charged particles and the residual nuclei produced by a collision. Figure 2 shows the double differential cross section of alpha for the neutron induced reaction at 14 MeV on carbon at 19 degree. The point shows experimental data by Haight et al. [4] . A peak at the high energy region indicates (n,α) reaction and that at low energy indicates (n,n 3α) reaction respectively [5] . Both results calculated by event generator mode with LA150 [6] (solid line) and JENDL-HE [7] (dashed line) neutron data files reproduce these reactions and give good agreements with experimental data. 
Kerma coefficient
The kerma coefficient, which is the sum of the kinetic energy of the charged particles and the recoil nuclei from neutron induced reaction, can be calculated from the energy loss of all charged particles and recoil nuclei in the event generator mode of PHITS. Figure 3 shows the kerma coefficient as a function of the incident neutron energy on 12 C. Solid and dot-dashed lines are the results of the event generator mode with neutron data files of LA150 and JENDL-HE, respectively. Dashed and dot lines show the kerma coefficients of the additional evaluated data included in LA150 and JENDL-HE, respectively. The measured values are taken from refs [8] [9] [10] [11] [12] . The results of the event generator mode are in agreement with the measurements and the additional evaluated nuclear data at neutron energies below 20 MeV. On the other hand, a large discontinuity by the event generator mode appears at 20 MeV. This might be mainly due to a lack of the neutron capture cross section in the neutron data files above 20 MeV. The kerma coefficients of the additional evaluated data also show discontinuity at 20 MeV. For this reason, the evaluated kerma data files have to be improved to connect smoothly at 20 MeV.
Displacement cross section
For the construction of a maintenance scenario of the strong neutron source in the accelerator facility, the life estimation of those structure materials becomes indispensable. Therefore, displacement per atom (DPA) value of each component is needed, since DPA is a major index of the radiation damage. For the estimation of DPA in the transport calculations, we need the displacement cross-section σ DX (E), which is defined by the displacement damage function for each charged particles and recoil nuclei produced by the collisions as a function of the kinetic energy of them. The kinetic energy distributions of them are calculated by the event generator mode of PHITS in event by event. Figure 4 shows the results of the displacement cross section for the neutron incident reaction on 56 Fe. Values of Doran, ESPERAND and RADHEAT-VI are taken from ref. [16] [17] [18] , respectively. All of the displacement cross sections in the neutron energy region above 10 −3 MeV, where is in the elastic scattering region, are almost the same. For the energy region below 10 −4 MeV, the results of the event generator mode increase as the incident neutron energy decreases. This is also seen in RASHEAT-VI result, since the event generator mode and RADHEAT-VI can treat the capture reaction.
Application of the event generator mode
Event generator mode can calculate the energy and linear energy transfer (LET) distributions of produced charged particles and recoil nuclei. In this section, we will show two applications related to these quantities.
Deposit energy distribution for the
10 B(n th α)
Li reaction
The thermal neutron induced 10 B(n th ,α) 7 Li reaction will be very important in the microdosimetric analysis for the boronneutron capture therapy. After the capture of thermal neutron by 10 B, 11 B compound nucleus is formed in the intermediate state. The primary decay mode for this system is alpha particle decay. For the decay, the residual lithium nucleus can be left in either its ground state 7 Li or in its first excited state 7 Li * which decays by prompt gamma emission with E gamma = 478.5 keV. In the first case, the alpha particle has the kinetic energy T(α 0 ) = 1.79 MeV, we call this 'alpha zero' α 0 and in the second case, T(α 1 ) = 1.48 MeV, called 'alpha one' α 1 . In the event generator mode, the branching ratio 10 B(n,α 1 )/ 10 B(n,α 0 ) is set to be 15 taken from ENDF/B-VI standard file. Figure 5 shows the energy distributions of produced alpha, 7 Li and gamma calculated by the event generator mode of PHITS. From this result, we can confirm the accuracy of the energy distribution of charged particles, recoil nuclei and gamma produced in low energy neutron reactions. Thus the event generator mode of PHITS would be applied more extensively to the microdosimetric analysis of the biological effects by thermal neutrons in future.
The averaged quality factor for neutrons
The quality factor Q is important value for radiation protection and dosimetry. Q at a point in human tissue is then given by 
ICRP60 [19]
where Q(L) the quality factor to LET specified by ICRP60 and D L the distribution of absorbed dose in L at the point of an interest. As the first step, we evaluated the averaged quality factor for neutrons at i-th element of human tissue Q i by using dose spectra.
where D i (L) the dose spectra at i-th element of human tissue in L by neutron incidence. Figure 6 shows the Q-L relation [19] (upper panel) and the dose spectra (lower panel) as a function of LET of the charged particles and recoil nuclei produced in the neutron induced reaction on 16 O at 20 MeV calculated by the event generator mode of PHITS by using JENDL-3.2 neutron data [20] .
The conversion from the energy to LET in water was done by SPAR code [21] in PHITS. The dose spectra include mainly proton, α, 12 C and 16 O particles. The α particle especially contributes to the average quality factor with relation to Q(L). Figure 7 compares the averaged quality factors calculated by equation (2) with the results of QKERMA [22] and PTB [23] . The shape of our result is somewhat similar to the result of PTB and is significantly different from the QKERMA below 10 −1 MeV. As a next step, we will evaluate the averaged quality factor for all elements of human tissues and compare other evaluated values.
Summary
The event generator mode of PHITS has been developed to conserve the energy and momentum in an event for the low energy transport phenomena. To investigate the validation of the event generator mode in the energy region below 30 MeV, the double differential cross section, the kerma coefficient and the displacement cross section were calculated and compared with the evaluated nuclear data and experimental data. As results, all calculated results by the event generator mode reproduce well the data below 20 MeV. As applications of this mode, we indicated new calculations, the deposit energy distributions of charge particles for the 10 B(n th ,α) 7 Li reaction and the averaged quality factor for neutron induced reaction on 16 O. In future, the event generator mode of PHITS will be applied to the analysis of the biological effects, the single setup error of semiconductor, and to many other fields particularly to microdosimetry field.
